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D [d N i ABSTRACT 
“ | Л TEST EXPERIEN 
\, \ CES WITH ALUMINUM BLADES ON THE A brief description of the overall design and method of attaching aluminum 
\ ку ча blades оп the MOD-0A, 200-kW wind turbine generator developed by the 
\ RU 1! DOE/NASA MOD-0A WIND TURBINE United States Department of Energy (DOE) is presented. A history of the 3 E 
Ve: dl reliability of the blades installed on the Clayton, New Mexico, machine is ш = S 
W | discussed for a period covering more than 5,000 hours of operating time. = á m 
Ni Emphasis is placed on describing blade problems and follow-up design changes z d 7 E 4 
\ made to reduce operating costs. zZ O 4 0% & 6 
9 = 5 Е: е zx 
INTRODUCTION | 4 з ё s 5 
2337 
1 At present, the U.S. DOE is funding the testing of eight large* horizontal- О одада $ y 
William A. Vachon axis wind turbines (HAWT's) interconnected with various utilities at different B 3 3$ 9 “$ 
Arthur D. Little, Inc. sites around the United States. Units under test include four 200-kW MOD- лаа = = е 
0A wind turbines (WT), one 1.5-MW MOD-1 WT, and a cluster of three MOD-2 g  < © Z ш 
2.5-MW WT's. In addition, a 100-kW prototype WT has been built at San- Q $ 4 Ss a 
an engineering test tool. This WT is used = є 0 a. $ Y 
ыш = = mm 
«3598 % 5 
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dusky, Ohio, and is employed as 
s to verify mathematical 














| | Cambridge, Massachusetts, U.S.A. 02140 
to examine new ideas &nd approaches, as well a 
models of WT performance. 





The overall management of the DOE's large HAWT development and test 
program is being carried out by the Lewis Research Center, National Aero- 
nauties and Space Administration (NASA), Cleveland, Ohio. 


The 200-kW MOD-0A WT located at Clayton, New Mexico, was the first unit 

to be operated, on a regular basis, interconnected with the local electric 

utility. Since it began operating in March 1978, it has been synchronized 
for more than 8,000 hours and generated more than 


with the utility network 
(through October 1980). During that period, the rotor 
e subjected to more than 17 million stress 


ion through October 1980 is given 





725 MWh of energy 
and associated components wer 


reversals. A history of its energy product 
in Figure 1. The figure shows that a key factor in lost machine operating 
time that led to reduced energy production was associated with blade prob- 


Presented at | 
le ms. 


This paper summarizes the results of blade fail 
remedies implemented through February 1980. It is based ” material рге- 


sented in а recent technical memorandum written by NASA. 





ure analyses and describes the 
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ernational Energy Association (IEA), 6th Expert Meeting on LS-WECS 


April 29-30, 1981 
Nibe, Denmark | 
| BACKGROUND 








0A WT is one of the first-generation machines being tested by 


The MOD- 
NASA for the U.S. DOE. Although four MOD-0A units have been built, the 





tion machines must still be viewed as one-of-a-kind research 








machines. 


first-genera 
Furthermore, even though these machines, for example, the MOD- 
0A located at Clayton, New Mexico, are directly connected to and being A 
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Figure 1. CUMULATIVE ENERGY PRODUCTION OF CLAYTON, NEW 











MEXICO, MOD-0A WIND TURBINE. 


serviced by local electric utilities, many repairs and design changes require 
that NASA personnel be on hand to perform specialized tasks. As a result, 
many of the WT outages last longer than they probably would if the machine 
were fully maintained and serviced by utility personnel located nearby. 
Therefore, WT costs, experiences, and measurements cannot be directly used 
for utility planning purposes, unless all ramifications are considered. 


The knowledge and experience gained in carrying out the first-generation 
developments, however, are directly applicable to the second-generation ma- 
chines. The main goal of these units is to generate utility-grade electricity 
(stable voltage and frequency) at a price that is competitive with that of 
conventional generation sources. An example of second-generation machines 
is the cluster of three MOD-2 WT's located at Goodnoe Hills near Golden- 


dale, Washington. 


At NASA's request, the blade design employed on the MOD-0A WT's was 


developed by the Lockheed Corporation for use on the MOD-0 WT located at 
Sandusky, Ohio. The design of the blades for the 38-meter (125 feet) rotor 
was completed in a very short period of time in 1974 to meet a national 
goal of accelerating the development of large wind turbine technology. 


The technology employed in the design and fabrication of the blades was 
based on the direct application of existing aireraft wing assembly techniques. 
As such, the blades were fabricated of steel and aluminum, with rivets em- 
ployed to attach the aluminum skin. Considerable labor and cost were 
expended in the blade fabrication, but once completed the blades helped to 
fulfill NASA's objective of obtaining early operational experience on large 
wind turbines. Currently, research and development on blades is addressing 
the application of fiberglass, wood composite, and welded steel blades to 
wind turbines. Tables 1 and 2 provide a capsule summary of both the back- 
ground of the development of these blades and a summary of their status. 
The tables and figures that follow document the reliability aspects of the 
blade design and the learning derived during the tests of the Clayton, New 
Mexico, MOD-0A wind turbine blades over the first two years of operation. 


REFERENCE 





1. Linseott, 3.S., and R.S. Schaltens, 1980, "Operational Experience with 
Aluminum Blades on the DOE/NASA MOD-0A, 200-kW Wind Turbine 


at Clayton, New Mexico," NASA Lewis Research Center Report Number 
NASA TM-82594. 








TABLE 1 


BACKGROUND TO DEVELOPMENT AND TES 
TING OF 
ALUMINUM MOD-OA WIND TURBINE BLADES 





6 WIND PROGRAM STARTED 1974 
— NO KNOWN SOURCES OF LARGE WIND TURBINE BLADES 


e LOCKHEED CORPORATION WAS WILLING AND AB 
LARGE BLADES ON SHORT NOTICE АЕ 


— FIRST SET OF BLADES DESIGNED AN 
TIGHT 9-MONTH SCHEDULE — 


e FIRST BLADES WERE FOR RESEARCH 
— TO BE INSTALLED ON MOD-O WT (SANDUSKY, OHIO) 
— LOAD CONDITIONS NOT FULLY KNOWN 


L 


e FIRST BLADES WERE EXPENSIVE 
— USED PROVEN, LABOR-INTENSIVE TECHNIQUES 
— DESIGN ADAPTED FROM AIRCRAFT INDUSTRY 
— EXAMPLE: MANY FLUSH RIVETS TO SECURE SKIN 


е ADDITIONAL PARALLEL EFFORTS INITIATED BY NASA 


— PROGRAMS TO DEVELOP LOW-COST 
LARGE WIND TURBINES — 


— BUILD AND INSTALL MOD-0A EXPERIM 
i ENTAL WT’ 
USING SAME BLADE DESIGN (LOCKHEED NY 
CAPABLE BLADE SUPPLIER) 








TABLE 2 


OVERALL SUMMARY OF STATUS OF 
MOD-0A ALUMINUM WIND TURBINE BLADE 
DEVELOPMENT AND TEST EFFORT 





e BLADES CONSIDERED SUCCESSFUL 
— MACHINES OPERATED LARGE FRACTION OF TIME 
— BLADES ENABLED NASA TO OBTAIN EARLY DATA 


AND OPERATING EXPERIENCE CONSIDERED INVALU- 
ABLE IN ACCELERATING ADVANCEMENT OF LARGE 


WT TECHNOLOGY 


e LOCKHEED PLAYED KEY, HIGHLY VALUED ROLE IN PROJECT 


e RECURRING PROBLEM BETWEEN BLADE ROOT-END AND STEEL 
CYLINDER HUB ATTACHMENT 
— BLADE LOADS TRANSFERRED TO STEEL CYLINDER, 
THEN TO HUB 
— INTERIM REMEDIES, FOR MOST PART, SUCCESSFUL 


e LOCKHEED ALUMINUM BLADES TO BE RETIRED AS NEW 
BLADES BECOME AVAILABLE 
— NO FURTHER EFFORTS TO IMPROVE EXISTING BLADES 


— OTHER DESIGNS AND FABRICATION PROCESSES APPEAR 
TO HAVE POTENTIAL FOR LOWER COST PRODUCTION 


Steel Root Fitting 


Station 48 
Aluminum Rib 














Station 








Station 81.5 
Aluminum Rib 


Leading Edge/ 
Trailing Edge Joint 


D-Spar Aluminum Web 


31.5 Station 


(80 cm) 81.5 
(207 cm) 


Figure 2. CUT-AWAY SKETCH OF 
ALUMINUM BLADE. 


AN INBOARD PORTION OF A MODA 
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TABLE 3 TABLE Y 





SUMMARY OF FIRST BLADE DAMAGE AFTER 
APPROXIMATELY 1000 HOURS OF OPERATION 





CHRONOLOGY OF KEY CLAYTON MOD-OA WIND TURBINE 
OUTAGES CAUSED BY BLADES 














































APPROXIMATE 
APPROXIMATE NUMBER CRACKS IN BLADE SKIN IN VICINITY OF STATION 81,5 
DATES OF OF ACTION (1.Е., 81.5 INCHES (207 cm) FROM ROTOR AXIS) 
OUTAGE WEEKS UNDERTAKEN 
33 CRACKS IN STATION 81.5 (207 cw) RIB 
JUNE 4 - JUNE 25, 1978 3 REMOVE MOD-OA BLADES FOR 
REPAIR AND TEMPORARILY LOOSE FASTENERS WHICH ATTACH BOTH 
THE SKIN 
MNA. ие и AND RIBS TO STRINGERS — 
SFPTEMBER 10 - 2 REINSTALL REPAIRED MOD-OA 
PTEMBER 24, 1978 BLADE. CRACKS IN ANGLE STRINGERS AT VARIOUS STATIONS 0 
" STATION 109.5 (278 cm) — 
APRIL 15 - JUNE 24, 1979 10 REMOVE, REPAIR, AND REIN- 
STALL MOD-OA BLADE 
4 o FRETTING WEAR AT STATION 48 (122 cm) PRIMARILY ON 
JULY 25 - AUGUST 22, 1980 à REMOVE MOD-OA BLADES AND ALUMINUM RIB WHICH CONTACTS STEEL ROOT FITTING 







— OVER TWICE AS MUCH WEAR WHEN STEEL WAS 
CHROME- PLATED VERSUS CADMIUM-PLATED 


— ABRADED ALUMINUM OXIDE PRODUCED WEAR 
AT BEARING SURFACE 


REPLACE WITH MODIFIED 
MOD-0 BLADES 
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e 3. ACCESS HOLES AT STATIONS 75.75 (192 em) AND 113 
(287 em). DRILLED HOLES FOR DOUBLER ATTACHMENT 
NEAR DAMAGE (DARKENED SPOTS) ALSO SHOWN. — dka 
| — ^ DE SKIN CUTAWAY SHOWIN 
G 
STATION 81 (206 cm) LOw "AZ C RIB FLANGE AT 


CUTAWAY OF BLADE AT STATION 81.5 (207 cm). SPECIFIC 


Figure 5. 
DAMAGE LOCATIONS NOTED. 


EIE 
Й pot = sę 
ж s s ^ 
»" + м " 
i - N ы 
е R 44 


еттек; 


OR E TES 





ALE 














109 


TABLE 5 


CONCLUSIONS FROM INVESTIGATION OF FIRST 
CLAYTON WIND TURBINE BLADE DAMAGE 
(JUNE - SEPTEMBER 1978) 


NASA 
| C-78-2610 





€t 
ib *- 


e DAMAGE LOCALIZED 70 TRANSITION REGION BI 
ROOT END AND STEEL CYLINDER ATTACHMENT * 
D-SPAR CAP 


. 





e FRACTURE INVESTIGATION INDICATED THAT Dé 


ATTRIBUTABLE TO EITHER BLADE MATERIAL OF 
ASSEMBL Y 





o OPERATIONAL DATA RECORDS INDICATED INTER 





уф 





























LOADS IN EXCESS OF OPERATING LIMITS DURI 
4.10 YAWING 
CRACK IN LIP ы -— - INFREQUENT OCCURRENCE OF HIGH LOAD 
йыйына me e GM | LOCALIZED DAMAGE INDICATED DESIGN 
| DEFICIENCY 
/ | e FAILURE OF SKIN FASTENERS LINKED TO [NAB| 
Й HI-LOX FASTENER ' CARRY SHEAR LOAD 
7 
/ 
| ŚR A 
E a . „42 . ~ z | —| [— 12 TRAILING EDGE SKIN 
: > e R" or m CROSS SECTION 
à Че АТ STATION 109.5 
> Figure 8. FRETTING WEAR ON COMPRESSION SURFACE OF ALUMINUM 
RIB AT STATION 48 (122 cm). 
| Figure 9 EXAMPLE OF CRACK IN ANGLE STRINGER AND LIP OF SPAR CAP. 
А 7. FRETTING WEAR ON COMPRESSION SURFACE AT STATION 48 
CRACK ON LOW PRESSURE SIDE OF LEADING EDGE SKIN. | — 


* i (DIMENSIONS IN INCHES) 
(122 em) ROOT END FITTING. 
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119 








TABLE 6 


































































































WITHSTAND BENDING LOADS 
— BLADE SECTION BENDING 




















17.07 2 


, 
222 


" i 
CHROME- 
PLATED 
STEEL 
TUBE 

DIA. 





— LOCAL SKIN BENDING DUE TO RIB/SKIN CONTACT 


| LOADS 
ТІ 
E _ SKIN BENDING DUE TO RIB BENDING 








MINUM RIB AND STEEL ROO 





Я 
ә» = 
CASE OF CONCLUSIONS FROM INVESTIGATION OF FIRST CASE OF : à 5 Я 5 
| CLAYTON WIND TURBINE BLADE DAMAGE < м = ваге d : 
| (JUNE - SEPTEMBER 1978) - CONTINUED à - 2 BEBE ; z 
diis | = - се = 2 а М NE / BZ ANGLE STRINGER 
-TW т O < s ы z = қ = NN / EZ RIB AT STATION 48 y, 
> NEN BLADE e WEAR AT STATION 48 RIB RESULTED FROM UNSATISFACTORY z 2 o E “ope BN == 
Ре INTERFACE DESIGN (1.€., CHROMED STEEL ROOT RUBBING T 4 8 5585 о E і 58 
AGAINST ALUMINUM RIB) z Ж к ауе " E | 
IMAGE NOT 2 o 5 20 o OO 8 / ŻE 
t LOCAL e = z bend złą A | 
LARGE GAP BETWEEN STATION 48 RIB AND ROOT FITTING e d ES : М. г. Zo um EZ EE - 
RESULTED IN ROOT FITTING ROTATION WHICH PRODUCED z z n 525 > 55 E КА 
INCREASED BENDING LOADS AND DAMAGE TO STATION 81.5 z EP 33 5 = "= | = 
MITTENT BLADE RIB AND RIB/ROOT FITTING E - co = 5 а 
NG NACELLE = n oma - . = € 
ы ATION 81,5 RIB TOO THIN TO : 3 - 
S PLUS D-SPAR SKINS IN AREA OF ST ; E 
т Е 
> < 
z 7 
> z 
- 
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1978 REDESIGN OF STATION 48 (122 cm) BEARING 
NNNNNN 





ALU 











Figure 12. MODIFIED ANGLE STRINGER-TO-RIB ATTACHMENT AT 
STATION 48 (122 cm), SHOWING REMOVAL OF ONE 
ATTACHMENT PIN TO REDUCE BENDING MOMENT. 
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. 31 SKIN 






LOOKING INBOARD 


.25 SKIN 


STATION 81.5 RIB 


ANGLE STRINGER 


VIEW AT 
STATION 83 LOOKING 
INBOARD 


ғ- FASTENER RETAINED 


STATION 81.5 


FASTENERS LOCATED. е 7; 


ON G OMITTED 4 > 58 72 
N RY ж 


INBOARD 





Figure 13. MODIFIED ANGLE STRINGER-TO-RIB ATTACHMENT AT 
STATION 81.5 (207 cm), SHOWING REMOVAL OF FASTENER 
TO REDUCE BENDING MOMENT CARRIED BY STRINGER. 
(DIMENSIONS IN INCHES) 
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Figure 14. TEMPORARY ATTACHMENT 
OF ALUMINUM DOUBL 
TO STRENGTHEN BLADE SKIN IN DAMAGED REGION. 





7 
— 


FPES TS —" 

MIC d BOE л В а EET orc 
; 8 
” . s А ` 


TABLE 7 


SUMMARY OF SECOND CLAYTON WT BLADE INSPECTION AND 
DAMAGE AFTER APPROXIMATELY 3,916 HOURS OF OPERATION 
(DOWNTIME APRIL - JUNE, 1979) 





OUTER BLADE SURFACES IN GOOD CONDITION 


STATION 48 (122 cri) ALUMINUM RIBS IN GOOD CONDITION 


ALL STRUCTURAL ALUMINUM STRINGERS, DOUBLERS, AND 
FASTENERS IN GOOD CONDITION 


A FEW ELONGATED BOLT HOLES ON STEEL ROOT FITTINGS 


BROKEN BOLTS IN BOTH BLADES WHERE STEEL ROOT END 
FITTING ATTACHES TO ALUMINUM WEB PANEL BETWEEN 
STATION 48 (122 cm) AND STATION 81,5 (207 cm) 


12-INCH (30-cm) CRACK IN ONE WEB PANEL BETWEEN 
STATIONS 81,5 (207 cm) AND 85 (216 cm) 


SEVERAL NEW CRACKS IN STATION 81.5 (207 cm) ALUMINUM 
RIB ON EACH BLADE 
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TABLE 8 


CONCLUSIONS FROM INVESTIGATION OF SECOND CASE OF 


CLAYTON WIND TURBINE BLADE DAMAGE 
(APRIL - JUNE 1979) 





o PREVIOUS STATION 48 (122 cm) RIB/ROOT FITTI 
NG - 
FACE MODIFICATIONS NOT ADEQUATE = 


— RIB LINER BONDS HAD FAILED AND LINERS 
MOVED OUT OF POSITION 


— LUBRICATION FILM ON SHIMS BROKE DOWN 


o NEW RIB AND FASTENER DAMAGE DUE TO EXCESSIVE CLEAR- 


ANCE AT STATION 48 (122 cm) ROOT 
اسای‎ END FITTING/RIB 


— CLEARANCE CAUSED BY SEPARATION OF Be- 
FROM STATION 48 RIB TT 


- ы” DUE TO FAILURE OF BOND BETWEEN LINER 


— RESULTING EXCESSIVE FLEXURE IN VICINITY OF 
STATION 81.5 (207 cm) LED TO DAMAGE 


The FRP sandwich c i 
ا‎ onstruction of which the blade's skin is 


TABLE 9 


MODIFICATIONS TO CLAYTON WT BLADE DESIGN 
AFTER SECOND CASE OF DAMAGE 
(APRIL - JUNE 1979) 





e MODIFICATIONS CARRIED OUT IN THE FIELD 


o NEW, MODIFIED BERYLLIUM-COPPER (Be-Cu) LINERS 
INSTALLED IN STATION 48 (122 cm) RIBS (SEE FIGURE 15) 


— NEW LIP ON LINER IS CLAMPED TO OUTSIDE FACE 
OF RIB 


IMPROVED LINER BONDING BY SANDBLASTING AND 
ABRADING LINER SURFACE PRIOR TO BONDING 


ALL SURFACES PRIMED WITH CHLORINATED SOLVENT 
(#3911) 
IMPROVED ADHESIVE (3M 2214) EMPLOYED 


NEW STRUCTURAL DOUBLER INSTALLED ON ALUMINUM D-SPAR 
WEB TO REPAIR CRACK 


NEW BOLTS USED TO SECURE ROOT END FITTINGS TO BLADES 
— OVAL HOLES DRILLED AND LARGER BOLTS USED 


— ACCESS DOORS INCORPORATED IN TRAILING EDGE 
TO ALLOW 500-HOUR BOLT INSPECTIONS WITHOUT 


REMOVING BLADES 





MODIFICA 


o BE-CULINER: 
BONDED TO Al 





@ SHIM ASSEMBL 
POLYIMIDE FI 
‚005 THICK В 
THICK MONEL 


e HARD CHROMIUI 
(.005 THICK) 


Figure 15. CROS 
STATI 
MODI 
ALUM 


5. Test re 
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(.032 THICK) 

AMINUM RIB 

Y 

LM (КАРТОН) 

ONDED TO .018 NEOPRENE 

SPACER 








1 PLATED TO STEEL 
STEEL ROOT 
END FITTING 











| 


SECTION OF SECOND DESIGN MODIFICATION TO 
ON 48 (122 cm) BEARING (JUNE 1979), SHOWING 
FIED BERYLLIUM-COPPER LINER BONDED TU 
INUM RIB. (DIMENSIONS IN INCHES) 


133 


Sults 


ALUMINUM 
RIB 











NEOPRENE 


CHROMIUMPLATED SPACER 


ALUMINUM BRONZE 
LINER ADHESIVE- 


BONDED AND 
RIVETED TO RIB 





MONEL SHIM 
COATED WITH 
MOLYBDENUM 
DISULPHIDE 


HARD CHROMIUM 
PLATE 

















STEEL ROOT 
END FITTING 


BEARING ASSEMBLY AT STATION 48 WITH ALUMINUM 
BRONZE LINER. 


Measured value Calculated value 


TABLE 10 


SUMMARY OF FINDINGS AND REPAIRS ON CLAYTON WT BLADES 
(SEPTEMBER 1979) 





e FINDINGS 
— PROBLEM IDENTIFIED DURING ROUTINE INSPECTION 
— STATION 48 (122 cm) RIB LINER SEPARATION 


— LOOSE AND MISSING ALUMINUM ANGLE STRINGER 
FASTENERS 


— ADDITIONAL CRACKING OF STATION 81.5 (207 см) 
RIB 


e CONCLUSIONS 


— STATION 48 RIB LINERS NOT ADEQUATELY BONDED 
AND LOST FROM ONE BLADE 


— EXCESSIVE STATION 48 CLEARANCE RESULTED IN 
STATION 81.5 DAMAGE 


e REPAIRS AND MODIFICATIONS 
— STATION 81.5 RIB/STRINGER FASTENERS REPLACED 
— HOLES DRILLED AT ENDS OF CRACKS 


— NEW ALUMINUM-BRONZE RIB LINERS INSTALLED AT 
STATION 48 


TWO-PIECE SEGMENTED LINER RETAINED BY LIPS AT 
EACH END, INTERNAL SHOULDERS, RIVETS TO RIB, 
AND BACKUP ADHESIVE BOND TO RIB 


o MACHINE DOWN FOR ONLY SIX DAYS 











TABLE 11 


SUMMARY OF FINDINGS AND 
REPAIRS ON CLAYTON WT BLADES 
(JANUARY - FEBRUARY 1980) 





e FINDINGS 
— PROBLEM IDENTIFIED DURING ROUTINE INSPECTION 


— "THROUGH CRACK” IN 0.79 cm (0.31 INCH) D-SPAR 
CAP 


e CONCLUSIONS 
— CRACK INITIATED AT RIVET HOLE USED TO ATTACH 


SKIN DOUBLER DURING 1978 REPAIR 
— IMPROPER DOUBLER DESIGN IDENTIFIED 


o REPAIR 
— NEW DOUBLER RIVETED INTO NEW HOLES 





123 





Figure 17. "THROUGH CRACK" IN SPAR CAP, DISCOVEI 
JANUARY 1980, ATTRIBUTED TO IMPROPER 


INSTALLATION IN JULY 1978. 


ELSAM 


Kraftverksafdelingen 
E-KM-35.200 


137 
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TABLE 12 





Introduction 
In the development of the CROWIAN large wind energy plant, the 


6 construction of the blades for the two-blade, 100 m diameter 
th IEA-Expert Meeting 
| rotor is considered one of the most important technologies. 


FX 79--151A 
y 


SUMMARY OF MOD-OA WIND TURBINE BLADE EXPERIENCES 























Reliability and Mai 
ntenanc —77-M. 
e Problems of LS-WECS FX 77-W-258 


WIND TURBINE SUCCESSFULLY OPERATED MORE THAN 5,000 | Aal FS For this reason, the development programme for the rotor blades | a 
HOURS DURING FIRST TWO YEARS OF UTILITY OPERATION | borg, April 29./30., 1981 was brought forward, and M.A.N. was authorised to carry it out 


in June 1979 by the Nuclear Research Institute, Jülich (KfA), 
acting on behalf of the Federal Cerman Ministry for Research 


BLADES EXPERIENCED FATIGUE DAMAGE BUT WERE USED and Technology. me 
The aim of the developmental work is the manufacture of three 


SUCCESSFULLY THROUGHOUT TWO-YEAR PERIOD | 
rotor blades, the first of which will be used exclusively for 


test purposes. 




















FX-77-W-343 
, 

















PERIODIC INSPECTION IS KEY TO MINIMIZING LARGE | ROTORBLAD | In conjunction with the construction of the rotor blades for the 
| ES FOR GROWIAN | : 
SCALE DAMAGE AND PROLONGED MACHINE DOWNTIME test programme and the GROWIAN prototype, a rotor blade technology 


programme was also carried out. In this framework, design criteria 
was finalised and alternative methods of construction for rotor 


Fig. 1 Rotor blade geometry 


blades of large wind energy plants are investigated. 


NEW, LOW COST, MORE DURABLE BLADE DESIGNS BEING 
ADOPTED BY MOD-OA WIND TURBINES 


Aerodynamic desian 





Erich Hau | The geometry of the rotor blade, which is based on the 
specified system data, particularly the tip speed ratio 
of A = 9.5, was determined for nominal operation, using 


the usual aerodynamic calculations. 


The rotor blade has a double-trapezoidal plan and the 


following are the main features: 





Nominal length 50.2 m 
Chori length: tip/root 1.3 / 4.9 m 
Taper ratio 3.77 
MAN NEUE TECHNOLOGIE, Munich Aspect ratio 16.3 
LED IN Relative blade thickness 15 - 34 $ 
DOUBLER Twist 16.8? 


Airfoil Wortmann FX-77-W 


Aerodynamically effective 
blade surface 105 m? Fig. 2 Design concept 


d September, 1981. 
BGB 
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Design concept 
The design concept of the GROWIAN rotor blaue is based on the 


principle of using a continuous steel spar as the load-bearing 
element and achieving the -2rodynamic profile by means of glass- 


fibre-reinforced composite material. 


The welded steel spar is a hexagonal single cell box spar 
(Figs. 2 and 3) and extends from the root of the blade to the 
tip. In order to quarantee the necessary surface quality in 


the profiles used, the spar is completely contained within the 


cross-section of the profile. 


The fibre-glass-reinforced plastic (FRP) shells are attached 
to the steel spar by struts bolted at the leading side. 
At the trailing side, FRP-sandwich ribs are placed at certain 


intervals. 


The steel spar, like the other load bearing elements of the 
structure, was dimensioned in accordance with five basic load 
cases. These cases comprise the rotor stresses in normal opera- 
tion, in gusting wind, in the start-up and stop procedures, at 
standstill and at malfunction. The main determining factors 

in the dimensionina were fatique loads at endurance cycles of 


8 
10”, corresponding to the required service life of 20 years. 


Production 


— 





Because of the larae dimensions and the required tolerances, 
the desian was also co-ordinated with technical manufacturing 
possibilities. The following production sequence developed 
from this. 

The spar, which is made in M.A.N.'s Gustavsburg works, is a 
welded construction. It is in six parts, which are welded 
together in a slipway. To minimise the number of welds, the 
steel sheets are bevelled off to form 7.5 m long shells, which are 
then stiffened by interior ribs before welding the sections. 
When the end cross-sections of these have been machined, the 
individual sections are joined together in the slipway to form 
the spar. The fittings co take the external 'skin' of the 
blade are then fastened to the leading and trailing edges of 


the spar. 
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Fig. 


Fig. 4 








3 Rotor blade cross-section at R = 27,5 m 


Steel spar with connecting fittings 

















Test 











































































































The test” programme comprises test series: 


- static vibration tests to check the natural frequency 
static stress in nominal operation 
static stress under extreme load 
functional test of the bearing 
rupture test 














A det 
The FRP sandwich construction of which the blade's skin is speci 
made is manufactured in 12 parts at Messrs, Schempp-Hirth can, 
of Kirchheim/Teck. These shells are produced in lengths of The m 
up to 12.5 m in female moulds by means Of a hand laminating shape 
process. The moulds are shaped from a master form correspond- dhiii 
ing to the shape of the blade. The shells are separated at 
the chord of each profile section. Between the R 10 - R 27.5 Simul. 
points of the blade, the shells are subdivided at the height | | | on E | in sí 
of the trailing edge of the spar to facilitate handling. | | ; "Т Ma 1 1 i | which 
` Only : 
шш" EE шшш س‎ | and tl 
The FRP shells are attached to the spar fittings by means of | سے‎ ¦ E ZI Of the 
bolts (Figs. 5 and 6). | | — teed c 
lest programme and af 
The first rotor blade produced is subjected to a comprehensive The in 
Programme of tests. In a test rig specially erected for this теге а 
purpose at the premises of Industrieanlagen Betriebsgesellschaft at rup 
mbH (IABG) (Fig. 7), the rotor blade with its Original bearing tearin 
is suspended unsupported on a welded box girder. The blade In the 
stos blade with DN akii can thus be rotated about its longitudinal axis when it is load" 1 
mounted in this way. The rigidity of the bearing clamping on instab: 
the box girder is comparable to the conditions on the original longer 
hub Of the rotor. of the 
The load distribution to be simulated are produced by four = аң 
hydraulic cylinders. The forces are directed via block and The def 
tackle into the steel spar, which for this purpose is fitted amounte 
in the test blade with connecting fittings (Fig. 8), 3.235 m 
The rotor blade has approx. 500 measuring points, where 0.888 m 
extension and deformation are measured using strain gauges. When th 
The hydraulic cylinders are controlled and the data evaluated approx. 
by an in-process computer. 
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results 


ailed examination of the test results is beyond the 


fied scope of this paper. The most important results 
however, be summarised as follows: 


easurement of natural frequencies and characteristic 
s showed a satisfactory correlation to the theoretical 
s. Table 1 contains some important numerical values. 


ation of static stress in the two cases of load resulted 
tress distributions in those cross-sections measured 
were within approximately 10 % of the calculated values. 
in one cross-section was the deviation greater than 10 %, 
iis was the result of a manufacturing defect in the area 
> welds. A dynamic load sequence consisting of 50 


ycles had no effect on extension or distortions before 
ter the test. 


stances of elongation found in the FRP external skin 

s expected only one-tenth of the permissible elongation 
ture. The skin thus deforms along with the Spar without 
g. 


rupture test, 170 $ of the nominal load of the "extreme 
was simulated. Under this Stress, localised instances of 
ility were found in the Spar Structure (extension was no 
linear). The external Skin had buckled in the centre 


underside starting at a hole in which measuring equipment 
lied. 


Ormation (saa) of the blade tip in the rupture tesz 
d to 


| in flapwise direction 


in edgewise direction 


e load had been removed, a permanent deformation of 
O.4 m was found. 
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TY 2 


siwym 





Measured value Calculated value 








0.923 0.956 


flapwise 124 1.27 
edgewise $: 3d 2.64 
flapwise "ри 3.64 
edgewise тере 26.19 





torsion 











Natural frequencies of the rotor blade 


Determination of the theoretical values 
on 
took into account the measured distributi 


of mass of the blade, including the ұз 
ап 

induction fittings for the load tests 

the strain-gauge cabling on the spar. 


e” 

d to theoretical pr 

hich corresponde 

friction occurred w | ured under 
— ents of friction of the bearings were meas 

The mom i 


The functional t 


mo 


dictions. E 
a load corresponding to "nominal operatio 


d that the results of the test programme 


be state 
— Local deviations, which were mainly 


In brief, 


ed to expectations. equences 
— oduction defects led to appropriate conseq 
to pr 


— sequence for the two rotor blades for the 


for the manufacturing 


GROWIAN prototype. 


Rotor blade technology programme 


In conjunction with the development of the rotor blade for 
the GROWIAN prototype, a rotor blade technology programme 
is being carried out at M.A.N. Advanced Technology. The 
content of this programme is determined by two objectives: 


- the development of design and assessment criteria for the 


design of rotor blades for large wind rotors producing 
Several MW 


- the expectation that future advanced rotor will be manu- 


factured predominantly in fibre composite materials. 


Attempts are being made in terms of the first objective to 
determine all possible parameters affecting the design and 
production of large wind rotor blades. In particular, the 
effect of blade geometry on aerodynamic performance and 


stress and the consequences for production are being analysed, 


In this overall scheme, not only theoretical Studies but also 
wind tunnel experiments on model rotors up to 4 m in diameter 
are being carried cut (Fig. 9). 


The effects of alternative methods of construction on the 


basic parameters such as mass, applicable production technology 
and manufacturing costs are compared to each other in reference 
to a specified design based to a large extent on the blade geo- 


metry of GROWIAN (Fig. 10). 


In the second phase of the technology programme, experiments 
are being conducted on selected structural components. These 
experiments include both production tests and load tests. 
Special attention is hereby paid to wound fibre composite 
structures which hold out the prospect of the cheapest method 
of manufacturing in the event of series production. 


. 4 ] q D V * 1 i 














| GAS | Oo) а= 
| M _ "— 


en 
4.85 sa, 


| = | => | CE | GA | GN => 


Qroundetrob tur 


س 





Fluge! trennung 
" ——— 























| 
t ы 4- 
| AL LEC к i GFK = > 
Materia! STAN 1. — 


| i 
| Meme 
| | u > R Ich 
anaman тте ar, | — | = — | 

| ii 


Е Kieben | DIA 




















Boisen 





Verbindung 1 


+ 











Scheie e met |Pultrusıon 
| ion ore 
Schieuch vitrve 
Scheum ч . = 





س سے س 








E Е Pomrision 
Prepreg injektion | wickein Wiekein 





| 
| 





L 
pre 
“ 2 =. 





» 


y à 22 
| 2 Enchente 
рози | ( Nese "aim -Seholo 


„= 


^ Pp A Pó 
© gi maków Fe 

табы ROM LÖSUNGSKATALOG — 
PROGRAMM 


























Fig. 





° . } 1 


ELSAM = 


Kraftverksafdelingen : 
E-KM-35.200 


The IEA LS-WECS meeting, April, 1981. 





Title: 





Inspection of the Nibe Wind-turbine "A" afte: 
Operation. 


Author: 





Peggy Friis, ELSAM, Denmark. 


Abstract: 





A short description of the inspection which h 
control of the mechanical and electrical inst 


the bearing construction. 


A summary of the control points and the resul: 


Larger investigations are described more deta: 
will be given. 
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2nd September, 1981. 
test spot at the next overhaul (and the Nibe-B too). 











































































































'F/BGB 
The major achievement o* the Danish Wind Energy Programme has it wae necessary to dis 
assemb 
been the completion of the two kW demonstration units, the Mb db с.да ds le the coupling (fig. 1, n^. 9) 
. i g. r no. 10) was mo d 
Nibe A and B wind-turbines. Befo ved % m astern. 
re movi \ 
M 4 ng the generator а lengthening of the generator The outside control work at the wings was made from the top 
oundation was welded. | | 
The A-turbine was the first in automatic operation. Operation of the nacelle and from the top of the Scaffold (fig. 7). 
is controlled by a u-computer. To thi 
s ma 
"ч 7. be added that dismounting of the coupling half at Test spot of struts weldings shows very bad welding quality, 
e gearbox shaft only was ib] ' 
The Nibe A was shut down for a planned major overhaul on 12th 1 possible after some heating. and in January, 1981, 3 struts at one wing where demounted for 
r 1000 h i further investigation under better conditions. Meanwhile a 
of November, 1980. Due to a windless period the hours of operation ALL things considered М ама 1 | u | a 
were 845 h and not the planned 1000 h. The production in the GC d te du м — of the simmering in preparation lock devicer for the wing was made. 
| ays. | 
period has totalled 152 MWh (mean production 180 kw). ib ib. ha A ы | у — reason of the oil leak 
" immering material was not Suitable for The investigation of the struts shows an unacceptable welding 
e gearbox temperature wh i | | 
The major overhaul programme included an inspection of the en in operation for several hours. quality, and all the struts were scrapped. 
following: The electrical system and the mechanical system and Aa 
t test | ! 
„ 18 cti ef We a ни * of the bolt assembling including a check of adjust At the same opportunity the construction design of the struts 
| | а Огаце and investigation wi 5 | | 
ith ul с ds s made. 
MG ам. ultra sound and magnetoflux was discussed, and a new construction with rod en wa 
The electrical system was controlled. Transducers were adjusted/ 
as covered a controlled, and a few were moved to a better position. No fhe 30 am teles se "ME The оты with the struts have — or automatic | 
allations and significant problems were encountered in the system, and no бле аза ens ait were demounted 2 - 3 at a time. operation for almost one year. Operation will be resumed in 
separatel 
further comments will be given. y controlled. October, 1981. 
Th i 
e bolts in the nacelle were found to be ok, but the bolts 











outside at the blades were changed because of rust 


0 








A rather traditional overhaul of the mechanical system gave 
No uncommon wear of the machinery 








ts are given. 
some useful information. 

The 

extent of the control of the weldings is shown in fig 


led, and results 
system was encountered. Put it was learned that in the design 
phase it is very important to be aware of repair conditions, | and 6. Th 
. e control was mostl 
y made by magnetoflux 


| mamo | 
































and make it as good as possible. Another important part is the 


quality assignment. In the following these conclusions will be 
A few weldings 


illustrated by examples. 
bearing (fi 5 
the ” 9. be but 
" аге not important for the support of the bearing and 


When in operation the hydraulic system in the hub was found 
untight. In order to repack a part of it, the whole system | | therefore accept а 
р е . 


inlet. 
ion. 


| 
O.R. control. 


9; axial, radial. 
for pitch angle adjustment. 


g; radial. 


M—M 
a 
- 


O 


g 
or, 


ng. 
ll. Hydraulic oil 


5. Coupli 
6. Turn-motor. 


had to be dismounted because of the compact construction. 
There w i 
ere found cracks in the bedplate surface fig. 1) but 
‚fig. А 


the м 
eldings were healthy. The surface Cracks had a depth of 


~ — 
"^ — 
u 


— سے 
а» =>‏ 
pe‏ 


H-computer. 


Due to an untight simmering the main gearbox had an oil leak 
In order to get into the simmering ma 
| x. 0,5 
‚> Mm, and ascribes to rolldefect and were grinded aw 
ay. 


| 
| 
| 
с 





1. Маіп Беагіп 
2. Main shaft. 
3. Main bearin 
4. Cylinder 

7. Dishbrake. 


8. Gearbox, 
9, Coupling. 
14. Electric panel. 


12. Hydraulic stat 


15, Generat 
en 


at the high speed shaft. 
Th 
e bedplate surface, where the cracks were found, will b 
, e a 





L4 
ka 








PT 





he rear of the naceile. 


Fig. 4 Gearbox, rotating oil inlet. 
(Generator at right). 


E 


rio. 3 Mainshaft а hub. | Fig. 5 Yaw motor and yaw bearing. 
Mainshaft & hub. 
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Fig. 
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Nibe 


Three struts for one win 


A. 
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The wing is parked in the scaffold. 
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g has been demounted. 


14 


Frontstrut 


Fishplate after 








sandblasting. 
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Visit of the two Nibe Wind - Tu 
April 30 - a short description i 
turbines 


12 Front struts. 
Side struts. 


» 


$ 





Outher wing bearing with side struts. 


struts flange, after sandblasting. 
after sandblasting. 
Side strut flange 
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nd turbine "B" to In the nacelle of the wind turbine "B", In the 
View from the nacelle of the ag as operated background Mr, Helm, Projectleader of German 
the wind turbine "A". Turbine — npn en GROWIAN construction activities, looks at the 
- see blade in the upper left corner e from gear box : " we have to do the sama satisfying 
speeds of appr. 20 m/sec. The wind cam Job with an even larger wind turbine ! " 


the lake Nibe Breding (left). 





In 1977, the Danish Ministry of 
Commerce (now the Ministry of 
Energy) in co-operation with the 
Danish electric utilities initiated an 
investigation with the aim of eluci- 
dating the possibilities of using 1 
wind energy as a supplement to the 
Danish electricity supply. The Er 
stigation included analyses of tech- 
nological and environmental pro- 
blems among others. With a view to 
previous experience with wind ener- 
gy conversion systems, however, қ 
special importance is attached to the 
attempt to clarify and solve the 
technical and the technica!- 
economic problems by means of the 
design, construction, and operation 
of large-scale wind energy conver- 
sion systems. 





The work on these wind energy 
conversion systems started with a 
pre-planning period in January 
1977, and in the autumn of the | 
same year, ii was possible to lay " 
down the details of the design. T e 
actual construction work at the v^ 
near Nibe started in the summer o | 
1978. In august 1979, the first plan! 
(wind turbine A) was ready for 
commissioning, whereas the com- 
missioning of the second plant | 
(wind turbine B) was commenced in 

1980. | 
"Tm present publication describes 
the design and construction of the 
two Nibe turbines which are identi- 
cal except for the rotor construction 
and the control «ystem principle. 
Further, the preliminary results of 
the commissioning of the turbines 
are described, and other investigati- 
ons within the framework of the 
wind power program of the Mini- 
stry of Energy and the electric utili- 
ties in Denmerk are discussed in 

brief together with the perspecti ә 

of this project. For a more ng 

description of the Nibe turbines an 
of the other aspects of the wind po- 

wer program, see the literature li- 

sted on page 13 of the present pub- 

lication. 
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The site on the coast of Nibe 
Bredning was chosen after an exten- 
sive investigation of the possibilities 
all over the country. 

It was not completely without 
problems to find a site complying 
with the requirements that had to 
be made concerning wind conditi- 
Ons, safety conditions (for these ini- 
tial plants a distance of not less 
than 400-500 m from the nearest 
neighbour was desired), environ- 
mental interests, accessibility, and 
foundation conditions, etc. 








The site 
Wind conditions at the Nibe site 
are very favourable, as to the Wes; 
- from which most of the wind 
energy originates - there is open 
water over a distance of at least 6 
km, and on the landward side the 
ground is flat and the countryside 
rather open over a distance of 1-2 
km. The wind turbines are placed 
150 m from the water's edge on a 
north-south iine at a distance on 
only 220 m from each other (5.5 ti- 
mes the rotor diameter). By the lo- 
cation of the turbines close to each 
other, a reduction of the investment 

















in roads and power lines, etc. is ob- 
tained, and at the same time nearly 
idencital test conditions are obtai- 
ned so that the measuring results 
from the two partly different tur- 
bines can be compared with the gre- 
atest possible accuracy. This locati- 
on further offers the possibility of 
measuring the influence of the rotor 
wake on the hindmost turbine when 
the wind is in the North or in the 
South. This is of interest in the eva- 
luation of the feasible mutual proxi- 
mity of the individual plants within 
a large cluster of wind turbines. 
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Design 
To the greatest possible extent, 


the experience gained from the ope- e 
ration of the two Nibe turbines is to 

form the basis for future decisions 

concerning wind energy conversion 

systems for electricity production. 

Consequently, the design of the tur- 














Turbine B 


Y Power curve for turbine A 









Rotor power 
kW 
800 
























Lining of balsa wood 
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bines has been carefully studied. 
Nacelle 
Blade with stays, turbine A E 
| 600 T 
Cross-section of | m 
the 12 m | 
endsection | TE | 







of the blade 
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3 
Power curve for turbine b 








Rotor power 













Darrius type 
Cantilevered blade, turbine B 
















































In the designing of the 















































































































































































Of the many different ty- , | | 
pes of turbines, only a few 417 turbines, importance has 
are suitable for large-scale been attached to the attaint- «lust of D-spar, wound 
operation. Among those few а es ment of simple and robust fiber fibre giass 
types are the traditonal pro- solutions in order to reduce glass mats | 
Multi-bladed windmill peller wind turbine and the the neccessary maintenance The rotor comprises the hub with Th | Operation up to about 10 m/s 
Darrius wind turbine. The 4 to а minimum. ZA the three rotor blades and - in the a Lodi has 3 blades. This gives The control of th NAM e 
type Rz Ves = Xv en it — c a — ye” ү бүз A - the blade stays pe hc, tnan that of ing operation and 2 a dur- er 
ler wind turbine which is importance by means oi the $ the rotor is | ades, and starts and 
\ architectural design to make the construction m rap of provides an energy EM stops takes place by means of tur- 
ы” which is а few per cent higher with bine * e om ее one OF tur. | 0 54-10 15] 201 21 99 
” ine Б, the blades are tu i U — ы 
rned іп m/s 
Wind velocity 

























better developed than any 


other type, and for which unique feature Of wind turbines 


and as previous experiments with 









the turbines fit into the land- 














« g th s 













there is a foundation of ex- Ed DENM ‘mig scape in the best possible 
erience - e.g. gained from ; 42# manner. The design and the wind turbine: h vestments. (A rotor with 
the G vind ill choice of materials etc. have man с> nave presented very 3 blades would gi ^c: outer 12 m of the rotor blad 
the Gedser windmill - on ma : Е папу problems especially іп соппес- more eneray b give even a little turbine A is turned. I Be 
further ensured that Danıs tion with the rotor, it was decided | Tgy but not enough to ju- mai urned. In the case of 
stify the invesiments in the extra rbine A, this form of control has rotor blades are turned during ope- 
ration to one of two fixed positions 
- applicable for lower and higher 










made it possible to relieve the inn | r 
most, most heavily loaded part "ej | A | mo | a = | 
the blades by supporting the rot Operation above 13 m/s. The blades wind velocities, respectively - 
blades with stays at a point 8 E" | | are turned more and more whereas the rotor blades of tuibine 
from the hub. — | - B are turned continuously according 
ne to the wind velocity. The full power 
of 630 kW is obtained at a wind ve- 
locity of approximately 13 m/s. At 
higher velocities, the control system 
for wind turbine A entails a some- 
what decreasing output (but in re- 
turn, the control procedure is more 
simple), whereas wind turbine B will 
give a constant output due to the 
continuous adjustment of the pitch 


| angle. 


which to build further inve- 
stigations. In addition to 

this, theoretical investiga- r 
tions have shown possibili- a 
ties of a very high degree of | 
wind energy utilization by 

means of propeller turbines. 


Propeller type | js d 
with concentrator Electrical systems ——ig i X 


b z different rotor construc- blades.) 
ns ' 
one det different methods of The outer 12 m sections of th 2 
à; O e 
A rotor can be placed eith b m long blades consist of a fibre f 
hind (leeward) or in front ый oe spar faced with fibre glass 
wer. As the advantages of » shells, whereas the innermost 8 
Мык ш - a leeward sections | 729 
zion were conde o'r бы mess жаң нея 
2 hee A. ee in front of shells. The choice ot foto 
| en chosen for both ass 
tur s seems to offer ibili 
— so that the blades do not cost mass p a possibility of low 
4 O pass through the »wake« of bine rotor blad ion of wind tur- 
€ tower and thus be subjected to — 
heavy shock influences. 

























firms to the greatest pc:sible 
extent could take part as 
suppliers, since - in case of a 
possible large-scale extension 
- the greatest possible effect 
of the investments on 
employment and foreign cur- 
rency is desired. 







































































































































Stop-position 








: Stop-position 


Erection of hnb and i 
of turbine A. — 
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Hub (with safety cylinders) 





The nacelle on the tor 
wer houses the mechanic 
electrica! equipment whi 
and transforms the roto, 
electric power. This equi 
prises the main shaft, ge 
nerator. The nacelle also 
rotor hub which is bolte: 
main shaft. 

The nacelle is built ove 
bottom frame and has ar 
shell of aluminium plates 
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Maincylinder for 
pitch angle adjustment. Z 


Main bearings 


Wind vane 
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Bedplate 


Yaw bearing 
and yaw motor 


sound and heat insulation. In order 
to obtain an architecturally harmo- 
nic construction, the nacelle has 
bcen given the shape of a truncated 
cone in conformity witn the tower. 
The nacelle is 10 т long (14 m in- 
cluding the hub shell), and has a di- 
ameter of 3 m at the front end and 
of 5 m at the rear end. The 6 m 
long main shaft provides a certain 
weight distribution in the nacelle. 
but in addition, the length of the 
shaft has been dictated by construc- 
tional considerations. 















































































The electric power is produced in E V EMT TET ei Under normal operation, the 
the nacelle by the generator and is | electricity production from each of 
In the nacelle is also placed a | di | led via 3 cables - capable of turning | the wind turbines IS expected to be 
micro-computer for fully automatic ar A | 4 revolutions in each direction from | | | about 1.5 GWh per year, | 
control and supervision of the tur- EE. neutral - from the nacelle down to | / 4 | corresponding to ап annual saving 
bine. and a hydraulic system. The a 4 the station room at the base of the | c | Of fuel per wind turbine of 500-600 
hvdraulic system is used - con- EE tower. In the station room the | | tons of coal. This production corre- 
trolled by the micro-computer - for SK transformer is installed which trans- sponds to the electricity consumpti- 
the adjustment of the pitch angle i forms the voltage from the 6 kV of on in 80 self-contained houses with 
position of the rotor blades during Be i I . the generator to the 20 kV of the electrical heating, or nearly 400 self- 
starting, stopping, and operation E- Mi. е distribution network, and this room contained houses without electrical 
(cf. page 5), and for the queda J aiso houses the circuit breaker 
the turbine, i.e. to keep the 


heating. The variability of the wind, 
however, prevents the wind turbines 
from replacing the normal system 
of electricity supply, but the tur- 
bines may be included as a supple- 
ment to the conventional power 
plants. 


which connects and disconnects the 
wind turbine and the distribution 
network. 


perpendicular to the wind and thus 
utilize the wind energy in the best 
sible way. к 

— wind turbines are normally 
stopped by the hydraulic — 
turning all 3 rotor blades into the 
stop-position at which the blades 
are no longer able to take up the 
wind energy. Should this system A i 
fail, 3 safety cylinders are activated 
each one being able to turn one ro- 
tor blade into stop-position and | 
thus stop the turbine. Finally, there | | | 
is a disc brake capable, E a >” 

| endent braking system, 

om — the turbine from full load 
(for turbine B, however, this does 
not apply in all situations) — 
the torque being removed from > 
rotor by turniag of the rotor blades. 










































































































































The 41 m high towers are built of 
concrete, which was chosen for aes- 
thetic reasons and also with a view 
to the damping of possible oscilla- | 
tions. There is no great price diffe- | 
rence between concrete towers and | 
steel towers, and the latter may con- 
sequently be a possibility in connec- 
tion with future wind energy con- 
version systems. 



































For the construction of towers 
and foundations approximately 
300 m’ of concrete and 30 tons of 
steel reinforcement were used per 


At the dimensioning of the plant, | 
| turbine. Each tower is founded on 
| 
| 
| 


a generator of 630 kW was chosen. 
Although the output of the wind 
turbine in a high wind could be 
higher than 630 kW, 1 would 
hardly pay to use a bigger genera- 
tor. High winds are rather infre- 
quent, and besides the wind ке, 
would run with a poor utilization о 
the heavy machinery for a greater 
part of the time. 























36 reinforced concrete piles with a 
length of 9 m (turbine A) and 6 m 
(turbine B). For the concreting of 
the towers a slip form was used ma- 
king it possible to complete the 


concreting within 8-10 days per to- 
wer. 
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Th of the nacelle. In the middle of the picture is the electric panel (partly ope 
e rear i ( 

the microcomputer and the hydraulic station 




















An example on measurings during = 1 
commissioning of turbine A. The - 
for emergency stop is tested, and the pa 
wing are registered (from above): win z 
city in $8 meters height, electric PRZ 
shaft torque, force in forward stay, ri 2. 
moment in 8 m point of blade, force in bac 


ward stay 


After the erection of the wind 
turbines they have to be subjected 
to extensive tests before they can be 
put into automatic, unmanned ope- 
ration. The aim of the test program 
is to ascertain if the turbines, and | 
especially their operation and — 
svstems, function as intended under 
all conceivable conditions, including 
all occurring wind velocities. 


Wind turbine A | 
The erection of wind Mr A à 
was completed in August 1979, an 
test operations were commenced à 
mediately afterwards. The first tests 
were made with no voltage on z 
generator, but on September Hit ) 
1979, the generator was — 
to the distribution network and the 
wind turbine produced its first out- 
put of electricity. [n spite of many 
problems with some po qm 
the tests have shown that the c Е 
systems-solution functions satis 4 
torily, and during the қ а с 
siderable empirical materia! nas 
been accumulated —g A 
the control and adjustment O ~ 
turbine and the forces — 
the construction. In the — E 
the test pangran, of the plant and 
r modificatio 
of the operation жөр wh M 
en carried out based | 

= gained. In addition, it under 
so been necessary to — СЕ 
faults occuring e.g. 1n mr © " - 
equipment, in the contro co ар , 
and in the hydraulic equipment. 
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So far the test operation has been 
extended over nearly one year, e 
ly because it has taken considerab e 
time to correct the occuring faults 
and the fault correction was zo 
impeded by the banktruptcy of : e 
nacelle supplier in the autumn o 
1979, and partly because it often | 
was necessary to wait for a long tı- 
me for the correct wind for the => 
ing. Thus the tests had to be carriec 
out first at low wind velocities be- 
low 10 m/s, then at little higher ve- 
locities of 10-15 m/s, etc. 

During the commissioning pe- | 
riod, turbine A has produced unti 
medio 1980 a total of 28,000 kWh 
in the course of 150 hours of opera- 
tion. The aim of the running-in, | 
however, was not to produce ‚үө 
city but to test the turbine, ‚ч the 
figures above are consequentiy NO 
measure for the production potenti- 


al of the turbine. 


Wind turbine B | 

The erection of wind turbine B 
was completed in January 1980. | 
Test operations were commenced as 
soon as the work on wind turbine A 
permitted, in March 1980. Due to 
problems with the control compu- 
ter, turbine B had still in the sum- 
mer of 1980 been tested only with- 
out voltage on the generator. 





When the commissioning of the 
wind turbines is completed, they 


will be put into fully automatic ope- 
ration with only a few technical in- 
spections every month. In this way, 
it will be possible to gain experience 
in practice concerning the operation 


of large-scale wind energy conver- 
sion systems and the involved ope- 


rational costs, about which very litt- 
le is known although they are of es- 
sential importance for the economy. 


Turbine A. Power curve 
measured at different pitch angels 


Mechanical Power kW 
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Turbine A. The produced electrical power 
as a function of rotor power. 
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Rotor 24 sensors 
Nacelle 17 sensors 
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During the test period of a couple 
of years' duration, an intensive 
measuring program will be carried 
out with the aim of elucidating the 
aerodynamic, mechanical, and elec- 
trical properties of the wind 
turbines. Further, investigations will 
be carried out of the turbines’ in- 
fluence on the environment, as 
acoustic noise and radio and TV di- 
sturbances will be measured, and 
possible effects on bird life will be 
observed. 

The measuring program compri- 
ses some important, preliminary 
measurements made with a simple 
analog measuring equipment, and a 
great number of measurements per- 
formed by a measuring system. The 
measuring system is based on a mini 
computer which currently collects, 
processes, and stores measuring va- 
lues from the two wind turbines and 
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- а “ 
based on the experience gained аге 
considered to be best suited for Da- 
nish conditions. This work might la- 
ter on, perhaps in the middle of the 
1980es, lead to the initiation of an 
actual wind power extension of the 
Danish electricity supply system. If, 
tor instance, a wind power penetra- 
tion of 10% of the expected Danish 
electricity consumption in the late 
1990es of about 40 TWh is aimed 
at, and if wind turbines of 50 т 
rotor diameter and 50 m height are 
considered, this would necessitate 
the building ot 1500-2000 wind tur- 
bines, corresponding to 150-200 
wind turbines every vear from 1986 


»Preliminary component and con- 


cept studies concerning experimental 
wind energy conversion systems« (in 


Main data 


Blade construction: Steel/fibre glass 
spar, fibre glass shell 


Blade airfoil: NACA 4412 - 4434, 
standard roughness. 





»Measuring Program for two Wind- 
mills at Nibe, Denmark« (in Eng- 


In addition to the work on the 
Nibe wind turbines, the wind power 
program of the Ministry of Energy 
and the electric utilities compri- 
ses several other investigations con 
cerning the use of wind power 

One investigation concerns the 
Gedser windmil! which was built by 
the Danish Association of Electr 
city Supply Undertakings in 1957 
and which was in operation, after 
the running-in period, trom 1958 to 
1967 when the operation was dis 
continued after a minor bteak-down 
ot the chain gear 
mill was refurbished in 1977 to 
make possible the carrying out of a 
measuring program for the investi- 
gation of the major properties of 
the windmill which are of interest 
because of ihe technically positive 
experience from Y years 
The measuring program was conclu- 
ded in April 1979, and the limited 
test operation was then discontinued 
since the production could not 
cover the costs of kceping this sing 
le, old windmill in operation 

Another investigation deals with 
the choice ot site locations tor a 
large number of wind energy con 
version systems 
a wind atlas has been compiled 
describing the Danish wind resour 
ces, and work 1s in progress concer 
ning the stipulation of safety distan 
ces from wind turbines. These facts 
together with information about 
conservation interests and other en- 
vironmental interests ect. will be ın- 
cluded in an evaluation to be made 
of the location possibilities for e.g. 
1000-2000 large-scale wind turbires. 

Finally, a number of more theo- 
retical investigations are carried out, 
with a view to improving the calcu- 
lation foundation for an optimiza- 
tion of wina turbines in a technical- 
economic respect. 

The current investigations will all 
be preliminarily concluded in the | 
beginning of 1981, after which deci- 
sions will be made concerning the 
extent and form of a possible conti- 
nuation of the development work. 


| | shi FRIIS, Pe 
Rotor type, turbine A: 3-blade, up- All reports and notes, etc. within , ggy 


the wind power program are avail- 
able to the public. An outline of | 
this material is found in a list of li- 
terature obtainable from DEFU. Of 
more general interest are especially 
the following reports: 






Electricity lead-down: 3 single pha- 
sed, turnable cables. 


Connection to the grid: To 20 kV 
grid via 6/20 kV 630 kVA transfor- 


Rotor 31 sensors 4 discrete pitch angles, stalkregula- 


Nacelle 17 sensors 


September 1979. 33 pages. 




























GRASTRUP, H 





Rotor blades supported by stays. October 1977. 205 pages. 


Rotor type, turbine B: 3-blade, up- 
wind rotor. 


Full pitch control for power regula- 


In addition, a brief information 
about the development within the 
program is issued at intervals. This 
publication, also in Danish. »Nyt 
fra energiministeriets og elværker- 
nes vindkraftprogram« is obtainable 
from DEFU. 



















»A project description in brief for 
two 630 kW experimental wind 
energy conversion systems« (in Da- 


Cone angle: 6^. 
Tilt angle: 6^. 


Tower: Concrete tower, height 
4] m, low tuned. 


е 44 
) 


Gear: Three-stage gear, ratio 1:45. Weight of outer 12 m blade section: 


Generator: 4-pole, 6 kV asynchro- 
nous generator. 


Rated power 630 kW. 
(500 W per m* swept area). 


Control: Automatic via computer. 
Yaw system: Hydraulic, speed appr. 


Rotor blades self-supporting. 
Rotor diameter: 40 m. 
Height to rotor hub: 45 m. 
Blade tip speed: 70 m/s 
Rotor revolution: 34 r.p.m. 


January 1979. 11 pages. HEDEGAARD, John 


Weight of rotor blade (turbine B): The Nibe wind turbines - a brief 


account of the safety philosophy« 













Weight of nacelle and rotor blades: Siegfried 


Appr. 80 tons. 


Cut-in wind speed: about 6 m/s (ın 
hub height) 


Rated wind speed: about 13 m/s 
Cut-out wind speed: 25 m/s 
Estimated production: 1.5 GWh per 


Suppliers etc. 


Suppliers: 


Rotor blades, fibre glass, and steel 


The Gedser wind 















February 1980. 28 pages. JOHANSSON » Mogens 






























»Choice of sites for experimental | 
wind energy conversion systems« (in 





KRISTENSEN, Pable 








The wind power program has 
been financed by the Ministry of 
Energy and the electric utilities 
jointly, the Ministry having contri- 
buted with a grant of 29 million 
Dkr. and the electric utilities with a 
grant of 9 million Dkr. for the peri- 
od 1977-80. In addition, the US De- 
partment of Energy has contributed 
towards the Gedser-project with | 
million Dkr. 

Of the 39 million Dkr., 25 million 
Dkr. 1s appropriated for the Nibe 
wind turbines of which 8 million 
Dkr. ıs appropriated for project 
management, planning, and 
running-in, whereas the constructi- 
on costs amount to 14 million Dkr. 
plus 3 million Dkr. for value added 
tax. For the measurements on the 
Nibe wind turbines $ million Dkr. is 
set aside, and the remaining funds 
cover the other projects and certain 
common facilities. 


September 1977. 50 pages. 


Addresses 


Project coordinator: | 
Mr. Mogens Johansson, electrical 


engineer, DEFU!) 
Project manager, the Nibe wind tur- 





=: 


MÜLLER-FROELICH 




































NIELSEN, Poul 


























1) DEFU, Lundtoftevej 100, PEDERSEN, B 


DK 2800 Lyngby. 
Phone (02) 88 14 00. | 
2) ELKRAFT, Parallelvej 19, 
DK 2800 Lyngby. 
Phone (02) 88 37 88. T 
3) ELSAM, DK 7000 Fredericia. 
Phone (05) 56 25 00. 








ELSAM and ELKRAFT engi- 
neers have been in charge of the 
project management and part of the 
planning. Furthermore, the follow- 
ing firms and institutions have ta- 


Study groups and other parties may 
arrange visits with: B 
An/S Himmerlands Elektricitetsfor- 


this purpose, 








CJ 








from a 58 m high meteorological 
mast erected midway between the 
wind turbines. These measured va- 
lues will be tabulated at regular in- 
tervals into statistics describing the 
meteorology at the site, the electrici- 
ty production, and the load effects 
on the various parts of the con- 


Measurements an 
































DEFU is taken care of the project TILLBERG, Góran 


management. Furthermore the fol- 
lowing institutions and utilities are 


Velund Ltd. 


Rotor blades, fibre glass shells: 
O.L. Boats ApS. 


Main suppliers of machinery: 


Over Bekken, 
DK 9100 Aalborg. 
Phone: (08) 14 33 22 


1/5 Nordkraft, 

P.O. Box 238, 

DK 9100 Aalborg. 
Phone: (08) 12 41 00 














Mr. H. Grastrup, section engineer, 




















VACHON, William A. 


Planning: | 
: Project manager, the Nibe measur- 


ing program: | | 
Mr. Poul Nielsen, electrical engi- 
neer, DEFU 


Project manager, the Gedser wind- 


Strain gauges in blades: 

Structural Research Laboratory, 
Technical University of Denmark 
Measuring system: 

Rise National Laboratory 

Daily operation: 

I/S Nordkraft 

An/S Himmerlands Elektricitetsfor- 








Gottlieb, Hegsted and Paludan, ar- WESTH, H. Claudi 


chitects, M.A.A. Building construction: 


DANALITH Ltd. 

















WINDHE IM, Rolf 
Concurrently with this, all essen- 


tial sub-systems of the turbine are 
checked in order to prevent fractu- 
res, and the control properties of 
the wind turbines are examined se- 
parately as well as compared to 
each other. 

_ The principal aim of the measur- 
ing program is to verify the design 
work of the two Nibe wind turbi- 
nes, and to extend the theoretical 
knowledge of wind energy conver- 


sion systems to the benefit of future 
wind turbines. 


B. Hejlund Rasmussen, engineering 
consultants. 


Rotor blade project: 

Rise National laboratory. 

Fluid Mechanics Department, Tech- 
nical University of Denmark. 





Leomotor Ltd. 






Mr. Leif Buch, electrical engineer, 
ELKRAFT?) 
Project manager, the site investiga- 


The construction costs for the 
two Nibe wind turbines of 14 mil- 
lion Dkr. corresponds to approxi- 
mately 11,000 Dkr. (2000 $) per kW 
installed power. As the systems are 
experimental plants, it is expected 
that the costs can be reduced consi- 
derably, partly by continued deve- 
lopment and partly by mass produc- 


F.L. Smidth & Co. Ltd. 


Generators and electrical systems: 
Thrige-Titan Ltd/ASEA Ltd. 


Control equipment: 
NESELCO Ltd. 


ES c9 IR on 



















Mr. Niels Laursen, section engineer, 
ELKRAFT?) 


Project manager, aerodynamic stu- 
















Mr. Finn Johnsen, civil engineer, 
ELKRAFT?) 


ber of wind energy conversion sy- 
stems of the design and size which 













Swedish Power Board, Sekt DSKI 


Vällingby 


Elsam, Kraftvoerksatdelingen, 
DK-7000 Fredericia, Denmark 


Elsam, Kraftvoerksatdelingen, 
DK-7000 Fredericia, Denmark 


Elsam, Kraftvaerksatdelingen, 
DK-7000 Fredericia, Denmark 


MAN-München, 8000 München 50, 
Dachauer Str. 667 


Statens Forsogsmoller Klitgard 
DK-9240 Nibe, Denmark 


MAN-NT, 8000 Munchen, Dachauer Str. 667 


DEFU, Lundtagtenej 100, DK-2800 Lyngby, 


Denmark 


Elsam, Kraftvaerksatdelinaen, 
DK-7000 Fredericia, Denmark 


MBB Helicopter Devision, Abt. DQ11, 
8000 München 80, Postfach 80 11 40 


DEFU, Lundtagtenej loo, DK-2800 Lyngby, 


DENMARK 








Dept. of Fluid Mechanics, Building 404, 


Techn. Univ. of Denmark, 
Denmark 






Syskraft AB, S-21701 Malmoe, 


Arthur D, 
Cambridge, M.A. 02140 USA 


DK-2920 Charlottenlund, Denmark 


D-2800 Lyngby, 


Little, Inc., 20 Acorn Park 


KFA-PLE, Postfach 19 13, 5170 Jülich 
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